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Nodulation, the lepidopteran insect immune response to large numbers of microbes in the blood
(hemolymph) consists of the coordination of the blood cell (hemocyte) types the granular cells and
plasmatocytes in terms of granular cell–bacteria adhesion and hemocyte–hemocyte adhesion (micro-
aggregation). Hemocyte–microbe adhesion is inﬂuenced by the secondary messenger, cAMP, and
cAMP-dependent protein kinase A. In the present study, cholera toxin, an AB5 protein known to
indirectly stimulate adenylate cyclase, is used to examine the hemocyte responses to glass, bacteria and
hemocyte–hemocyte microaggregates. In vitro, this toxin induces a bimodal hemocyte adhesion
response that varies with the holotoxin concentration in terms of the individual and aggregated
hemocyte adhesion responses: the lower CTX concentration (1.2 nM) increases microaggregate
adhesion and decreases individual hemocyte binding to glass, as does higher concentrations
(6–120 nM), however microaggregates induced by lower concentrations do not adhere to glass. Cholera
toxin-induced microaggregation is inhibited by RGDS, suggestive of integrin involvement. In vivo,
cholera toxin (1.2–120 nM) injected into larvae induces also a bimodal hemocytic response: low levels
(1.2–6 nM) cause reduced hemocyte adhesion, while high levels (12–120 nM) increase hemocyte
release or mobilization of adhesive hemocyte counts in the hemolymph. Increasing levels of cholera
toxin concomitantly injected with the non-pathogenic bacterium, Bacillus subtilis produces a bimodal
pattern in bacterial removal from the hemolymph which correlates with nodule frequency in larvae
injected with cholera toxin only. The effects of higher concentrations of cholera toxin in vitro
(6–120 nM) and in vivo (12–120 nM) are mediated by the B-subunit, whereas the isolated A-subunit
has no effect on hemocyte activity. Cholera toxin and its individual subunits did not detectably alter
levels of intracellular cAMP in the hemocytes, suggesting a cAMP-independent mechanism stimulating
the nodulation response.
& 2012 Elsevier B.V. Open access under CC BY-NC-ND license.1. Introduction
Lepidopteran insect innate cellular non-self-responses are initiated
by the interaction of plasma factors, such as lectins, lipoproteins,
hemolin and host alarm molecules, and hemocyte surface receptors
with microbial surface antigens [44,79,35,81,76,4,5]. Plasma-indepen-
dent hemocyte reactions are stimulated by microbial molecular
antigens [33] and electrostatic charges [39,28], both mediated by
hemocyte scavenger receptors, such as those for polyanionicate; RGD, Arg-Gly-Glu; CTX,
A-subunit of cholera toxin;
: þ1 514 398 7990.
.F. Lapointe),
@mcgill.ca (C.A. Mandato).
Y-NC-ND license.lipopolysaccharides (LPS) and lipoteichoic acids (LTA) on the hemo-
cytes of the lepidopterans Bombyx mori and Spodoptera exigua [52,20].
Large-scale bacterial infections of lepidopteran larvae are
isolated by the non-self-hemocytic nodulation reactions. Nodule
formation is a biphasic response initiated by the release of
adhesion proteins by the surveillance hemocyte type, the granular
cell, trapping the microbes in coagulum and forming microag-
gregates with other granular cells [58]. These proto-nodules are
ultimately walled off by the hemocyte type, the plasmatocyte,
forming the nodule [59].
Insect hemocytes in vitro form microaggregates resembling
those observed in vivo during nodulation [74]. Studies in vitro
have identiﬁed extracellular matrix proteins, e.g. lacunin [50] and
the transmembrane proteins, neuroglian [83] and tetraspanin, the
latter facilitating integrin-mediated adhesion between adjacent
granular cells and plasmatocytes [84]. Homotypic plasmatocyte
adhesion of Pseudaletia separata is mediated by the integrin
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phosphorylation [51]. Cell-mediated responses of Manduca sexta
a2 hemocytic integrins is impeded by RGD peptides [85] further
implying integrins participate in hemocyte–hemocyte adhesion
responses.
The similar functions of insect nodules and granulomas of non-
arthropod invertebrates [19,61], and humans [64], are inﬂuenced
by cAMP, a secondary messenger produced by adenylate cyclase
[17]. Human granulocyte adhesion to glass is inhibited by
increasing intracellular cAMP concentrations [12]. In bivalve
mollusks, hemocytes with elevated cAMP do not attach to foreign
surfaces [16]. LPS-stimulated amoebocyte exocytosis and spread-
ing is inhibited by intracellular cAMP-elevating drugs in non-
insectan arthropods [7]. In lepidopteran insects, hemocyte adhe-
sion to glass and bacteria and phagocytosis of bacteria are
inhibited by increased intracellular cAMP and cAMP-activated
protein kinase A (PKA; [11,45,34]). Eicosanoid-stimulated G
proteins are involved in lepidopteran hemocyte–hemocyte inter-
actions including bacterial-induced microaggregations by activat-
ing adenylate cyclase [47,68]. Cholera toxin (CTX) is used in
insects to examine a myriad of cellular activities including gene
expression [10], and cAMP-mediated signaling in fat body tissue
[75] and Ca2þ-channels [57]. The link of cAMP to insect
hemocyte–hemocyte interactions including microaggregation
and nodulation is not known. However, CTX acts as an adjuvant
with vertebrate immune systems [29] and in view of the physio-
logical similarities of lepidopteran hemocyte to innate mamma-
lian immunocytes including human neutrophils [9] and that the
B-subunit elicits raft formation on M. sexta hemocytes [50], it is
likely that CTX and its moieties, possibly through cAMP media-
tion, would inﬂuence insect hemocyte–hemocyte interactions
including microaggregation and nodulation of G. mellonella.
This communication shows that cholera toxin and its B-sub-
unit at levels less than those traditionally used in insect studies
has a concentration-induced bimodal effect on in vitro hemocyte
microaggregation and in vivo bacterial removal and nodule for-
mation. These responses may be independent of intracellular
cAMP. RGD peptide inhibition of cholera toxin-induced microag-
gregation suggests integrin mediation.2. Materials and methods
2.1. Insects and bacteria
G. mellonella larvae were raised at an ambient incubator
temperature of 28 1C (producing a dietary temperature of 37 1C
due to insect metabolism) under constant light conditions on a
multigrain diet supplemented with glycerol and vitamins [27].
Fifth instar larvae weighing 250710 mg were used for all experi-
ments. All hemocyte experiments, in vitro and in vivo, were
conducted at 37 1C reﬂecting temperatures in G. mellonella-occu-
pied honeybee colonies [66] and in pure G. mellonella colonies [14].
Stock cultures of Gram-positive Bacillus subtilis (Boreal Biolo-
gical, Mississauga, Ontario, Canada) were grown in darkness on
Luria agar (1 g NaCl, 1 g yeast extract, 2 g bactotryptone, 3 g agar;
200 ml water) at 25 1C and subcultured every fortnight. For
experimental purposes, B. subtilis was added to Luria broth
(5 ml) in scintillation vials (20 ml) and incubated overnight on a
horizontal gyratory shaker (25 1C, 200 rpm). One hundred ml of the
bacterial suspension was added to 5 ml Luria broth in a new vial
and incubated (2 h, 25 1C, 200 rpm). Five ml of culture were added
to ﬂasks (500 ml) containing 200 ml Luria broth and bacteria were
grown to midlog phase (optical density660 nm¼0.75). Bacteria
were pelleted (12,000g, 15 min, 25 1C) and resuspended in 10 ml
of phosphate-buffered saline (138 mM NaCl, 3 mM KCl, 10 mMNa2HPO4, 2.8 mM KH2PO4, adjusted to pH 6.5 with 6 N HCl; PBS)
before being killed by ultraviolet light exposure (3 h). Bacterial
suspensions were plated on Luria agar and incubated at 25 1C and
35 1C (72 h) to ensure bacterial death and preclude the possibility
of a temperature-sensitive mutant capable of growing at larval
incubation conditions. Bacteria were subsequently centrifuge-
washed (12,000g, 15 min, 25 1C) three times in PBS (10 ml). Dead
bacteria provided hemocyte antigen-stimulation devoid of bacter-
ial metabolic activity [2].
2.2. Test solutions and reagents
Whole, inactivated cholera toxin (CTX) and its components,
the A-subunit (CTA) and B-subunit (CTB); were obtained from
BioMol International and diluted in PBS. Unless stated otherwise,
in this study the concentrations of these molecules ranged from
0 to 120 nM for CTX and CTA and from 0 to 600 nm for CTB. The
RGDS tetrapeptide, purchased from GenScript, and its control
peptide, RGES, from Sigma, were also dissolved in PBS.
2.3. Hemocyte adhesion in vitro
Hemocyte suspensions, made by collecting hemolymph (15 ml)
from the third prothoracic leg of each of six larvae (chilled on ice;
10 min) into chilled (4 1C) PBS (1.33 ml), were added to endo-
toxin-free glass slides (1.2105 cells/ 50 ml suspension to
145 mm2 area) containing a treatment solution (50 ml CTX,
CTB, or CTA) or control buffer (50 ml). Slides were shaken on a
horizontal gyratory shaker (50 rpm) for 30 min (the optimum
control reaction time for adhesion [82]) at 37 1C and 95%
relative humidity (RH), unless otherwise speciﬁed. Slides were
rinsed twice with PBS (2 ml) and the cells ﬁxed in glutaraldehyde
vapor for 30 min. Thereafter, slides were rinsed twice in PBS
(2 ml), mounted in 30% glycerol (v/v PBS) and the total number of
individually attached hemocytes, individual differential cell types
(identiﬁed according to [56]) and total aggregated hemocytes (the
total sum of hemocytes in all the microaggregates in the ﬁeld)
were determined (cells/mm2) by phase contrast microscopy.
Microaggregates, deﬁned as containing no less than ﬁve hemo-
cytes which often included the rosetting plasmatocytes at the
periphery of the granular cell coacervates, on glass surfaces did
not form many hemocyte layers (usually 3–4 layers) rendering
determination of the number of hemocytes per aggregate facile.
Microaggregate hemocyte numbers were regarded as accurately
measured by phase contrast microscopy in this and subsequent
experiments since the number of nuclei per microaggregate,
determined with the nuclear stain DAPI, was not signiﬁcantly
different from the actual cell counts in an aggregate (Phase
contrast microscopy: 100.8 cells/microaggregate78.4 cells/
microaggregate; Fluorescence microscopy: 105.6 nuclei/microag-
gregate 78.8 nuclei/microaggregate; p40.05; n¼119). A mini-
mum of four ﬁelds per slide area were counted per replicate
(nZ4 replicates).
To ascertain the contributions of CTX and its moieties to
hemocyte adhesion, several protocols were used. In protocol
one, to test if CTX caused hemocyte–substratum detachment,
cells previously incubated with PBS (50 ml) were rinsed twice
with PBS (2 ml), incubated with treatment solution (100 ml,
30 min at 37 1C, 95% RH), subsequently rinsed with PBS, ﬁxed
in glutaraldehyde vapor, rinsed again with PBS, and mounted in
30% glycerol (v/v PBS). The total individually attached cells and
their type (cells/mm2) were determined under by phase contrast
microscopy.
Protocol two, used to explain the initial hemocyte adhesion
results at 1.2 nM CTX, involved testing for hemocyte lysis or
reduced adhesion. The number of non-attached hemocytes after
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formed monolayer. Without rinsing the slides, non-attached
hemocytes were resuspended with gentle pipetting, collected
(100 ml), added to areas on new slides, and centrifuged on a
tissue culture plate rotor (500g, 5 min) to immobilize them on the
slide. Hemocytes were ﬁxed in 4% formaldehyde (in PBS) and
mounted in 30% glycerol–PBS buffer (v/v PBS) and the total
number of cells/mm2, individual and aggregated, determined as
previously described. For this protocol, the non-attached hemo-
cytes (cells/mm2) results from the control buffer (PBS) were
subtracted from values obtained from treatment values (1.2 nM
CTX) because there may exist sub-populations of G. mellonella
hemocytes, as alluded to for M. sexta hemocytes [50], which do
not adhere to glass.
Protocol three determined the effects of selected concentra-
tions of RGDS and RGES (2.5 and 5.0 mM) on CTX (1.2 and
120 nM)-induced in vitro hemocyte microaggregation. Hemocytes
were concomitantly treated with CTX and RGDS. Following
treatment, hemocytes were immediately ﬁxed in glutaraldehyde
vapor for 30 min. Because soluble RGDS can inhibit hemocyte
attachment and spreading onto polystyrene surfaces [53], hemo-
cytes on slides were not rinsed and to avoid dispersal of
individual cells and microaggregates due to direct coverslip
contact, a coverslip supported above the reaction site was used
and the microaggregate frequency determined by phase contrast
microscopy. Since hemocytes per microaggregate using this
method could not be accurately determined the total aggregated
area (cumulative area of all microaggregates in a ﬁeld) was
measured by phase contrast microscopy and quantiﬁed with
software (Adobe Photoshop CS3).
2.4. Mobilization of hemocytes in the insect hemocoel and their
adhesion to glass in vitro
Chilled insects were injected with 10 ml of treatment solution
(or control buffer) at the base of the third prothoracic leg (total
volume inside insect prior to injections was determined by the
regression equation of Gagen and Ratcliffe [32] and immediately
after injection it was 60 ml). Unless otherwise speciﬁed, insects
were incubated for 20 min, at 37 1C. After the incubation time,
two different protocols were followed.
For protocol one, to test the effects of CTX, CTB, and CTA on
hemocyte concentrations in the insect hemocoel; hemolymph
(10 ml) was removed from the insect and the concentration of
circulating hemocytes determined on a hemocytometer by phase
contrast microscopy.
Protocol two assessed the adhesive properties of the circulat-
ing hemocytes from insects injected with CTX, or its individual
moieties. Hemolymph (10 ml) from these injected insects was
added to slides (145 mm2) containing PBS (90 ml). Slides were
shaken on a horizontal gyratory shaker (50 rpm, 30 min at 37 1C,
95% RH). The total hemocyte number and type attached to glass
were determined by phase contrast microscopy. The data col-
lected from protocol two were standardized by making a ratio
comparing the absolute number of circulating hemocytes (in
protocol 1) to the absolute number of attached hemocytes (in
protocol 2). Where applicable, four ﬁelds per slide area were
counted for every replicate. Each of 5 insects received injections
from individually prepared treatments (thus, nZ5 per experi-
ment); an approach used in all subsequent experiments.
2.5. Bacterial removal from the hemocoel and nodule production
in vivo
To determine the effects of CTX and the stoichiometric con-
centrations of its moieties on removal of B. subtilis from thehemolymph, chilled larvae were co-injected with the chemicals
and B. subtilis (6107 cells in 10 ml PBS) and at the base of the
third prothoracic leg. Insects were incubated for designated times
on diet at 37 1C and bled after which bacterial numbers in the
hemolymph were determined with a hemocytometer using phase
contrast microscopy.
In order to examine the effects of CTX on nodule formation,
chilled insects (10 min on ice) were swabbed with 70% (v/v)
alcohol at the site of injection. Ten ml treatment solution (CTX) or
control buffer was injected at the third prothoracic leg and the
larvae incubated for 24 h at 37 1C on regular diet. Insects were
monitored for normal behavior and mortality in order to preclude
effects of physiological concentrations of the toxin on hemocyte
behavior. Larvae were chilled on ice for 10 min. The in vivo
hemocyte reaction was arrested by injecting the insect with 4%
formaldehyde (50 ml; v/v in PBS) with subsequent incubation on
ice for 10 min. Insects were bisected ventrally and the frequency
of melanized nodules determined with a stereo dissecting micro-
scope. The number of replicates used was 20 larvae per experi-
ment. Each larva was injected with independently produced
bacterial-chemical treatments.
2.6. Measuring intracellular cAMP
Hemocytes from larvae were pooled in PBS as previously
stated. One hundred ml of hemocyte suspension (2.4105 cells)
was added to polypropylene tubes (0.5 ml) containing 100 ml
PBS, CTX, CTB, or CTA, and incubated vertically on a horizontal
gyratory shaker (30 min, 37 1C, 200 rpm). The reaction tubes were
centrifuge-washed three times (2000g, 2 min, 4 1C) in 200 ml
chilled PBS. After the ﬁnal wash the hemocytes were lysed in
50 ml chilled 0.1% (v/v) Triton X-100 in 0.1 M HCl, vortexed
(30 sec) and ultrasonicated (3 pulses, 5 s) ensuring complete lysis.
Samples not used immediately were stored at 80 1C. Intracel-
lular cAMP from a minimum of 5 replicates was determined using
the acetylated version of cAMP immunoassay kit (Assay Designs,
Plymouth Meeting, PA). One time point (30 min) was selected for
the cAMP assay as elevated levels of intracellular cAMP in
hemocytes are sustained 30 min post-bacterial injection [45].
2.7. Statistics
Data were analyzed using the 95% conﬁdence limit overlap
protocol [65]. Percentage data are recorded as the decoded mean
with 95% conﬁdence limits in 2 arcsin Op-transformation. Gra-
phic and tabular data are presented as the mean7standard error
of the mean. An a priori a value of 0.05 was chosen.3. Results
3.1. Adhesion to, aggregation on, and detachment from glass slides
in vitro
The number of individual hemocytes adhering to the slides
decreased with increasing incubation time and increasing CTX
concentrations (Fig. 1). However, the number of adhering total
aggregated cells remained the same at 20 min independent of CTX
concentration (p40.05), but by 30 min incubation, as the total
hemocyte counts decreased, the level of adhering total aggregated
cells increased (Fig. 1). The latter suggesting individual hemocytes
engaged in hemocyte–hemocyte accretions until a critical micro-
aggregate size is achieved, explaining the low levels of initial total
aggregated cells despite decreasing total hemocyte counts. In
order to further assess the hemocyte aggregation induced by CTX;
all subsequent in vitro reactions were incubated for 30 min.
Fig. 1. Incubation time-dependent effect of CTX on hemocyte adhesion and
microaggregation in vitro. Hemocytes were treated with CTX (0, 6, 60 nM) and
incubated for 20 or 30 min (optimum control time for maximum hemocyte
attachment [82]) and the total individually attached hemocytes and total aggre-
gated cells was determined. THC—total hemocyte counts; TAC—total aggregated
cells. Bar values with the same letter are not signiﬁcantly different (p40.05). Each
replicate represented hemolymph pooled from 6 larvae; nZ5.
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hemocytes was determined with a broader range of CTX concen-
trations. The total of individual hemocytes during exposure to
1.2 nM CTX signiﬁcantly dropped (45%; 25.9–27.5; po0.05;
Fig. 2A) compared with the PBS control. At 6 nM CTX adhesion
signiﬁcantly increased (82%; 50.7–60.9; po0.05) above 1.2 nM
CTX levels and subsequently decreased linearly with increasing
CTX concentration (r2¼0.93; po0.05) to a maximum decline of
37% (15.2–15.9) at 60 nM CTX which was 65% (44.9–56.7) below
the PBS control (Fig. 2A). Levels of individually attached hemo-
cytes plateaued at 120 nM CTX (Fig. 2A). Granular cells and
plasmatocytes adhered to the same extent (po0.05) in the PBS
control and signiﬁcantly decreased to similar levels (po0.05) at
1.2 nM CTX. Granular cell and plasmatocyte attachment increased
at 6 nM CTX, levels of adhering granular cells being greater (15%;
8.5–8.9) than levels of plasmatocytes at this CTX concentration.
Attachment of granular cells and plasmatocytes decreased
linearly from 6 nM to 120 nM CTX by 23% (13.5–14.2) and 30%
(16.8–17.7), respectively. In contrast, the sum total of aggregated
cells (total hemocytes in all aggregates) increased above the PBS
control values at 1.2 nM CTX, followed by a signiﬁcant decrease
(po0.05) at 6 nM (Fig. 2A). Higher CTX concentrations increased
the total aggregated hemocytes. All in vitro microaggregates
displayed clustered granular cells with plasmatocytes rosetting
the edges of the cluster (Fig. 2B). The leading, fan-shaped edges of
the plasmatocytes were directed away from the cell clusters like
those in hemocyte clusters of the lepidopteran Ephestia kuhniella
suggesting exomigration of the plasmatocytes [23].
To determine if the CTX effect reﬂected the inﬂuence of its
individual components, hemocytes were treated with corre-
sponding stoichiometric levels of individual CTB (levels being 0,
6, 30, 150, 300, and 600 nM since CTX has ﬁve CTB subunits) or
CTA. Total individually attached hemocytes from 0 to 30 nM CTB
were statistically similar (po0.05), whereas those treated with
higher CTB concentrations (60–600 nM) decreased linearly
(r2¼0.94, po0.05; Fig. 2C). Both attached granular cells and
plasmatocytes displayed decreasing attachment levels with
increasing CTB concentration (granular cells, r2¼0.89;
po0.05; plasmatocytes, r2¼0.75; p40.05; Fig. 2C). Total
aggregated hemocytes increased 82% (52.3–59.5) above control
levels at 30 nM CTB, followed by a small (p40.05) decrease
at 60 nM CTB, and increased to a maximum plateau [147%(24.5–32.8) above control levels] by 150 nM CTB (Fig. 2C). This
implies that individual CTB may enter cells or perturb the
hemocyte cell membrane generating these effects. Increasing
CTA concentrations had no effect on total individually attached
hemocytes, granular cells and plasmatocyte attachment, or total
aggregated hemocytes (Fig. 2D) suggesting it either did not bind
to the hemocytes or bound but did not enter the cells.
CTX at high concentrations (12–120 nM) produced adhering
total hemocyte counts statistically similar (p40.05) to higher
concentrations of CTB (30–300 nM) indicating CTB may explain
higher CTX results. For granular cells, CTB did not change counts
until 30 nM after which the concentration of adhering granular
cells declined, and CTX effects from 12 to 120 nM were similar to
CTB (60–600 nM). Plasmatocyte adhesion at the higher levels of
CTX (6–120 nM) and CTB (30–600 nM) were identical (p40.05).
CTX elevated the total number of cells that formed in vitro
microaggregates, but CTB had no effect until 30 nM, elevating
total aggregated hemocytes to the CTX values (6–120 nM).
Collectively the data established a modulatory role for CTX on
the hemocyte that is linked, in part, to CTB. However, it is not
known if the CTB effects are directly on each hemocyte type or
indirect with the granular cells modifying the plasmatocytes as in
M. sexta, wherein granular cells-released proteins stimulate plas-
matocyte activity [50].
The sum total of adhering individual hemocytes and total
aggregated hemocytes was statistically the same (p40.05) with
increasing CTX treatment except for a decline at 1.2 nM CTX
(Fig. 2E), which may reﬂect reduced adhesion, hemocyte detach-
ment or lysis at this concentration. Preformed monolayers treated
with different amounts of CTX, including 1.2 nM, did not show
differences in total adhering hemocyte counts [CTX concentra-
tions (nM): 0.0: 396.778.9 cells/mm2; 1.2: 398.878.9 cells/mm2;
6.0: 412.879.0 cells/mm2; 12.0: 400.778.9 cells/mm2; 30.0:
412.879.0 cells/mm2; 60.0: 369.178.6 cells/mm2; 120.0: 419.57
9.2 cells/mm2; p40.05]. Hence the drop in total hemocytes at
1.2 nM CTX was not due to hemocyte detachment or lysis. Non-
attached hemocytes (Fig. 2E) collected from unwashed monolayers
treated with 1.2 nM CTX were predominantly aggregated hemo-
cytes (individual: 0 cells/mm2; aggregated: 93.572.7 cells/mm2).
The number of non-attached and adhering cells determined from
slide areas with hemocytes treated with 1.2 nM CTX were com-
bined, and the resulting total sum was not signiﬁcantly different
(p40.05) from the sum of adhering (individual and aggregated)
hemocytes in the PBS control group, or higher CTX concentrations.
Thus decline in counts at 1.2 nM CTX was due to the initial
inhibition of hemocyte adhesion as opposed to hemocyte detach-
ment or lysis. A decline in individually adhered hemocytes from
6 to 60 nM CTX negatively correlates with the increase in hemo-
cytes in microaggregates (R¼0.97; po0.05), implying, with the
absence of lysis and detachment, that hemocytes aggregate when
treated with high, albeit still at concentrations of CTX below
traditionally used levels. Adding the sum of individual hemocytes
and aggregated cells produced the same pattern and magnitude as
did CTX (p40.05) including the nonlytic decline at 1.2 nM CTX.
Thus CTB is responsible for much of the CTX effect on hemocyte
adhesion.
3.2. Inhibition of in vitro hemocyte microaggregate
formation by RGD
Since soluble RGDS peptides inhibit integrin-mediated hemo-
cyte encapsulation of Sephadex beads in Chrysodeixis (Pseudoplu-
sia) includens [53], soluble RGDS tetrapeptides were used to
determine if CTX-induced in vitro microaggregation might
be elicited by integrins. CTX concentrations 1.2 and 120 nM
produce comparable increases in total microaggregation size
Fig. 2. Effect of CTX and its subunits on hemocyte adhesion in vitro. Addition of hemocytes to glass slides containing (A) CTX resulted in the formation of (B) in vitro
microaggregates consisting of a cluster of granular cells and rosetting plasmatocytes with fan-shaped lamellipodia (arrows) directed away from the coacervates. Addition
of hemocytes to glass slides containing (C) CTB and (D) CTA. (E) For 1.2 nM CTX, levels of non-adhered hemocytes (white bar) were added to adhered hemocytes (black bar)
and compared to adhesion levels from other concentrations of CTX. Bar values with the same letter are not signiﬁcantly different (p40.05). Scale bar represents 50 mm.
Each replicate represented hemolymph pooled from 6 larvae; nZ4.
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RGDS/RGES treatments thus 1.2 nM CTX is presented showing
the effects of RGDS on hemocyte aggregation. Five mM soluble
RGDS signiﬁcantly inhibited the total aggregated hemocyte areaby 50% (27.5–32.1; po0.05) and microaggregate frequency by
50% (17.0–27.4; po0.05) at both CTX concentrations compared
with the absence of the tetrapeptide, whereas RGES had no effect
(Fig. 3A for 1.2 nM CTX). The decline in both total aggregated
Fig. 3. Effect of RGDS tetrapeptide on CTX-induced in vitro hemocyte microaggregation. (A) Total aggregated area and microaggregate frequency induced by 1.2 nM CTX
was inhibited by RGDS but not RGES. Photomicrographs of hemocytes (B) in PBS showing hemocyte moderate aggregation, (C) extensive CTX-induced accretions without
RGDS, (D) limited CTX-induced hemocyte aggregations in the presence of RGDS and (E) little impact of RGES on hemocyte clusters caused by CTX. Bar values with the same
letter are not signiﬁcantly different (p40.05). Scale bar represents 200 mm. Each replicate represented hemolymph pooled from 6 larvae; nZ5.
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RGDS-induced hemocyte lysis or detachment because RGDS did
not decrease the number of attached hemocytes on preformed
monolayers after 30 min incubation (total hemocyte counts from
PBS control: 41279.1 cells/mm2; 5mM RGDS: 40178.9 cells/
mm2; p40.05). Hemocytes treated with PBS only showed less
pronounced aggregation (Fig. 3B) than CTX-treated hemocytes
(Fig. 3C), while the decline in aggregation frequency and the more
uniform hemocyte distribution of cells treated with 5 mM RGDS
(Fig. 3D) was greater than samples with equimolar RGES (Fig. 3E).
The decline in aggregation frequency and concomitantly more
uniform distribution of the hemocytes treated with RGDS (5 mM;
Fig. 3D) compared to the samples with RGES (5 mM; Fig. 3E) and
the buffer control (CTX only; Fig. 3C) likely represents inhibition
of integrin-mediated in vitro microaggregate formation.
3.3. Effect of injections of CTX and its A- and B-subunits on the
concentration of circulating hemocytes in the larval hemocoel and
the ability of these hemocytes to adhere to glass
The number of circulating hemocytes may vary, counts declin-
ing or increasing (a form of hemocyte mobilization) as the
hemocytes adhere to or lose afﬁnity for surrounding tissues
[77,32]. Unlike the in vitro results (Fig. 1), incubation duration
for acute CTX (0, 6, 60 nM) effects on circulating hemocytes
in vivo was greatest at 20 min (Fig. 4). This discrepancy with the
in vitro results (Fig. 1) was expected since reaction times are
shorter in vivo than in vitro due to possible differences caused by
plasma factors and their concentrations [28]; 20 min was chosen
for subsequent in vivo experiments.The inﬂuence of CTX and its moieties on circulating hemocytes
in vivo was determined with increasing concentrations CTX and
CTA (ranging from 1.2 to 120 nM), and CTB (ranging from 0 to
600 nM). Levels of circulating hemocytes peaked at 6 nM CTX,
followed by a drop at 12 nM and rose to a plateau level by 60 nM,
the latter hemocyte levels being similar to those at 6 nM CTX
(Fig. 5A). CTB caused an initial decrease in circulating hemocytes
plateauing from 6 nM to 150 nM, followed thereafter to a max-
imum increase that plateaued starting at 300 nM, the latter two
effects being similar to the corresponding concentrations of CTX
(Fig. 5A). Molar equivalents of CTA had no statistically signiﬁcant
effect (p40.05) on circulating hemocyte counts (Fig. 5A). The
effect of CTX in vivo on circulating hemocytes was mirror image
the pattern seen in vitro (Fig. 2A), albeit the reaction taking place
at higher levels of CTX in vivo suggesting a tissue dilution effect
in vivo in which other tissues might interact with CTX lowering
the amount of holotoxin available for reaction with the
hemocytes.
To determine if CTX or its moieties affected the adhesiveness
of the hemocytes remaining in circulation larvae were injected
with these molecules and the hemocyte counts determined.
Concentrations of 0, 6, 12, and 60 nM CTX (corresponding to 0,
30, 60, and 300 nM CTB) were chosen since 6 and 60 nM represent
the most pronounced effects of CTX in vivo and 12 nM CTX
represents a lower intermediate effect (Fig. 5A). The total number
of adhering hemocytes decreased in 6 nM CTX-injected insects
compared with PBS-injected insects, whereas adhesion levels
increased from insects injected with 12 and 60 nM CTX (Fig. 5B).
Levels of attached granular cells and plasmatocytes followed the
same pattern in insects injected with 0, 6, and 12 nM CTX, levels of
Fig. 4. Incubation time-dependent effect of CTX injections on the concentration of
circulating hemocytes in vivo. Larvae were injected with CTX (0, 6, 60 nM) and
incubated for 10, 20, 30, or 40 min and the concentration of circulating hemocytes
was determined. Bar values with the same letter are not signiﬁcantly different
(p40.05). Each larvae was itself a replicate receiving individually prepared
injections; nZ5.
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than plasmatocytes (Fig. 5B). Thus, granular cells from larvae
injected with higher CTX levels, as in the previous experiments,
appeared to be more sensitive than plasmatocytes. This is expected
since granular cells act as surveillance cells altering the activity of
plasmatocytes during an immune reaction in lepidopteran larvae
[69,50]. Attachment levels of hemocytes from CTB-injected insects
(Fig. 5C) showed similar patterns to the total number of adhering
hemocytes and differential counts as insects injected with corre-
sponding CTX levels. The changes in the actual magnitude of total
hemocyte counts were not as pronounced implying hemocytes
were either less sensitive to CTB than CTX, or the involvement of
the holotoxin’s A-subunit. CTA had no effect on the adhesive
abilities of hemocytes from injected insects (Fig. 5D), which was
anticipated because lacking CTB it could not enter the hemocytes.
No microaggregates were observed on the slides from any of the
experiments, suggesting either no aggregates attached to the glass
or the protonodules were not removed from the hemocoel during
exsanguination.
To determine the proportions of hemocytes capable of adhe-
sion the ratios of absolute total circulating hemocytes from
insects injected with CTX, CTB and CTA (Fig. 5A) to absolute total
attached hemocytes from the corresponding treatments and
concentrations (Fig. 5B–D) were determined. As expected, hemo-
cytes from larvae injected with 6 nM CTX showed signiﬁcantly
lower levels of adhesion (po0.05) compared with the PBS
injection (Fig. 5E), implying, as did the in vitro results, that loss
of adhesion occurs at lower concentrations of CTX. However,
hemocytes from insects injected with 12 and 60 nM CTX showed
similar (p40.05) adhesion capabilities to glass compared with
PBS-injected larvae (Fig. 5E), implying that the increases in levelsof circulating hemocytes in the hemocoel (see Fig. 5A) are not
necessarily due to loss of hemocyte–tissue adhesion. The dis-
charge of hemocyte stores during infection increases the number
of hemocytes available in the hemolymph for adhesion-based
immune reactions [32]. Increased circulation of adhesive hemo-
cytes in the hemocoel of CTX-injected larvae might reﬂect
discharge and/or a hemocyte mobilization from reservoirs. The
absence of increasing individually attached hemocytes in vitro
(see Fig. 2A), unlike the in vivo response, is likely due to the
absence of hemocyte stores, as existent hemocytes microaggre-
gate lowering individual hemocyte counts. That granular cell
attachment was more pronounced at the higher CTX concentra-
tions (Fig. 5B) suggests granular cells were primarily released into
the plasma and/or mobilized from tissues. The adhesive hemocyte
levels from CTB-injected insects were the same at all CTB
concentrations (Fig. 5E). The adhesive properties of hemocytes
from insects injected with CTA were the same at all concentra-
tions (Fig. 5E), and since CTA had no effect on the concentration of
circulating hemocytes (Fig. 5A) this suggests CTA has no effect on
the hemocytes in vivo.
3.4. Effect of cholera toxin on bacterial removal and nodule
formation
Since CTX at higher levels (6 and 60 nM) caused adhesive
hemocytes to enter the circulation, similar to octopamine-
mediated hemocyte mobilization during bacterial infection [38],
CTX’s effect on bacterial removal from larval hemocoel was
examined. Insects concomitantly injected with B. subtilis and
CTX more extensively removed the bacteria from circulation than
insects injected with bacteria in PBS (Fig. 6A). Insects injected
with 6 nM CTX signiﬁcantly removed [30% (15.8–21.9) po0.05]
more bacteria than the controls, and 12 nM CTX signiﬁcantly
removed [15% (6.6–9.0) po0.05] more B. subtilis than did PBS, but
less than 6 nM CTX (po0.05). Insects injected with 60 nM CTX
removed the greatest number of bacteria [55% (26.4-32.8)
po0.05] compared to PBS-bacteria-injected larvae (Fig. 6A). The
lowest concentration of injected CTB (30 nM) had no effect on
bacterial removal; however, subsequent concentrations lowered
circulating bacteria in a dose-dependent manner to levels sig-
niﬁcantly lower [64% (35.8–39.3) po0.05] than the PBS groups
(Fig. 6A). High CTB concentrations removed bacteria much like
that of CTX (p40.05) indicating that CTB accounts for the higher
CTX results further supporting an immunological role for CTB at
higher concentrations. Increasing concentrations of the isolated A
subunit, CTA had no effect on bacterial removal (Fig. 6A).
The ability of CTX to elevate adhesive hemocyte counts and
enhance the removal of bacteria may indicate its inﬂuence on
nodule formation independently of the bacteria. The amount of
nodules in the hemocoel of insects injected with CTX only was
determined 24 h post-injection since nodules are more easily
visible after having melanised by this time [59]. Nodule frequency
signiﬁcantly increased [41% (22.1–27.6) po0.05] in larvae with
6 nM CTX, followed by a signiﬁcant decrease [37% (17.8–24.6)
po0.05] by 12 nM. Nodulation increased in larvae receiving
60 nM CTX to levels similar to 6 nM (p40.05; Fig. 6B). There
was a signiﬁcant negative correlation between the remaining
circulating bacteria and the frequency of nodule-like structures
from insects injected with CTX (r2¼0.95; po0.05), suggesting
CTX enhances bacterial removal by itself inducing nodule forma-
tion. That hemocytes from larvae injected with 6 nM CTX had
impaired adhering ability to glass, but induced nodule formation,
reﬂects the in vitro results wherein 1.2 nM (corrected for tissue
dilution; see section 3.3) reduced hemocyte–glass adhesion but
induced microaggregation. The impaired ability of hemocytes to
adhere to glass at 6 nM CTX mimics lower levels of bacteria
Fig. 5. Effect of CTX and its subunits on the concentration of circulating hemocytes in the hemocoel and the ability of these hemocytes to adhere to glass.
(A) Concentrations of CTX and molar equivalents of CTB and CTA were injected into larvae and the concentration of circulating hemocytes was determined. The adhesive
properties of the circulating hemocytes from the insects injected with (B) CTX, (C) CTB, and (D) CTA were determined by adding hemocytes from injected insects onto areas
on glass slides. (E) Since the level of attached hemocytes depended on how many circulating hemocytes were extracted from the insect, a ratio of absolute circulating
hemocytes to absolute attached hemocytes was used to compare the adhesive properties of hemocytes between injected treatment concentrations and treatment
solutions. Bar values with the same letter are not signiﬁcantly different (p40.05). Each larvae was itself a replicate receiving individually prepared injections; nZ5.
Fig. 6. Effect of CTX and its subunits on bacterial removal from the insect hemocoel and CTX on nodule formation. (A) B. subtilis with CTX, CTB, or CTA were concomitantly
injected into larvae and the concentration of bacteria remaining in circulation was determined. (B) Since CTX caused an increase in bacterial removal, CTX only was
injected into larvae and the frequency of nodules was determined by dissection. (C) Nodules appeared as melanized conglomerates comprised of a large central nodule and
smaller peripheral nodules (arrowhead) attached to surrounding tissues, such as the fat body (arrow). Bar values with the same letter are not signiﬁcantly different
(p40.05). Scale bar represents 50 mm. Each larvae was itself a replicate receiving individually prepared injections; for (A) nZ5 and for (B) nZ20.
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levels of nodules in the hemocoel and in vitro microaggregate
results. Higher nodule frequency at 12 and 60 nM CTX alsoreﬂects increased microaggregation observed in vitro (r2¼0.95;
po0.05). The nodule-like structures found in CTX-injected insects
(Fig. 6C) bound to surrounding tissues and melanised similar
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signaling processes. Insects injected with cholera toxin displayed
normal behavior and no mortality after 24 h incubation negating
pharmacological effects on hemocyte behavior.
3.5. Intracellular cAMP bioassay
Increasing cAMP levels with drugs decreases lepidopteran
hemocyte adhesion to slides and was used to explain raising
plasma hemocyte counts, implying these cells may dissociate from
the internal tissues [45,34]. Levels of hemocytic intracellular cAMP
were not discernibly altered by CTX [CTX concentrations (nM): 0:
0.09370.017 pmol/106 cells; 1.2: 0.07070.021 pmol/106 cells; 6:
0.09170.016 pmol/106 cells; 120: 0.08970.023 pmol/106 cells]
or CTB [CTB concentrations (nM): 0: 0.08970.040 pmol/106 cells;
6: 0.09970.030 pmol/106 cells; 30: 0.07370.031/pmol 106 cells;
600: 0.09470.034 pmol/106 cells] suggesting CTX may trigger a
cAMP-independent mechanism modulating the hemocyte nodula-
tion response. Nonattached CTA also had no effect on intracellular
cAMP levels [CTA concentrations (nM): 0: 0.06370.010 pmol/106
cells; 1.2: 0.05570.010 pmol/106 cells; 6: 0.03870.006 pmol/106
cells; 120: 0.05470.02 pmol/106 cells]. Only pharmacological CTX
levels (3 mM) stimulated cAMP in hemocytes (0.25170.025 pmol/
106 cells) above control levels, suggesting CTX can enter the
hemocytes and elevate cAMP levels. Inexplicably, CTA at similar
levels reduced intracellular cAMP below the sensitivity of the
bioassay, while high levels of CTB (21mM) had no effect on levels
of intracellular cAMP.4. Discussion
cAMP affects insect immunological hemocyte activities
[11,45,34], including those remaining in circulation after reactions
with non-self-materials [21,22]. Pharmacological amounts of CTX
are known to affect cAMP levels in lepidopteran and orthopteran
insect tissues [8,46,73]. The holotoxin and its subunit CTB affect
protein kinase A and C activity [18] and integrin–raft binding [50]
in larval lepidopteran hemocytes. When applied herein at
uniquely low levels for insects CTX affects Galleria mellonella
hemocytes based on the CTX concentration-dependent bimodal
adhesion of hemocytes to glass, RGD-mediated hemocyte–
hemocyte microaggregations, bimodal changes in total hemocyte
counts in vivo and toxin-stimulated in vivo nodule formation
correlating with toxin-induced bacterial removal from the larval
hemolymph. Hemocyte responses induced by CTB mimic the
effects seen with higher CTX concentrations suggesting part of
the hemocytic response to CTX is caused by CTB. Domingos et al.
[26] describe similar results for LPS-induced TNF-a release from
macrophages but when the CTX concentration is low cytokine
release is inhibited by the CTA moiety. Isolated CTA did not affect
any of the present hemocyte responses or cAMP production at any
level tested; however the diminished hemocytic responses at low
CTX concentrations may reﬂect the CTA moiety bound to the
holotoxin. CTA on CTX activates adenylate cyclase producing
cAMP which is a major component stimulating antigen presenting
cells, up-regulating levels of co-stimulatory molecules on numer-
ous immunocytes including the B cells and macrophages [63].
However, herein low CTX did not alter hemocytic cAMP even
though hemocyte–glass and bacteria removal from the hemo-
lymph was diminished and microaggregation enhanced. The
effects of the holotoxin and its subunits on G. mellonella hemo-
cytes appear to be cAMP-independent since levels of intracellular
cAMP remain constant despite increasing physiological concentra-
tions and increased only at a pharmacological level of CTX but not
for CTB and decreased with CTA. In terms of vertebrateimmunocytes, CTX cAMP-independent effects are known to inhibit
proliferation of B cells [31] and transmembrane signaling of Ca2þ-
stimulation of rat lymphocytes [25] and Jurkat cells [36].
CTB boosts innate immunity of murine B cells and macro-
phages by cAMP-independent mechanisms increasing the phos-
phorylation of MEK1/2, ERH1/2 and p38 [63]. The mode of action
of CTB on hemocytes is not clear, however, the effects of CTX on
Swiss 3T3 ﬁbroblasts are attributed to CTB binding to GM1
gangliosides elevating intracellular Ca2þ without modifying pro-
tein kinase C or phosphoinositides [13,67], the Ca2þ entering
through L-channel modiﬁcation by GM1 gangliosides as occurs in
neuroblastoma cells [15]. Extracellular Ca2þ entering G. mellonella
hemocytes via L-like channels stimulates hemocyte–glass adhe-
sion [82]. Plasmatocyte phagocytosis of yeasts [6] and adhesion is
enhanced by extracellular Ca2þ inﬂux [82] but individual gran-
ular cell adhesion to slides is not [71]. However, both studies
did not assess microaggregation. Extracellular Ca2þ is relevant to
granular cell microaggregation with subsequent migration of
plasmatocytes since calcium chelators and Ca2þ-free buffers
prevent hemocytic aggregations and granular cell cytoplasmic
discharge [6]. CTX and CTB do not stimulate intracellular release
of Ca2þ from the endoplasmic reticulum of vertebrate immuno-
cytes [25] but chemically-generated intracellular Ca2þ release
favours individual hemocyte adhesion [82]. Thus CTX and CTB
may limit individual hemocyte types or subtypes adhering to
glass by increasing cation inﬂux while stimulating granular cell
microaggregation. Alternatively Ca2þ-inﬂux might enhance
microaggregation only making fewer cells available for adhesion
to glass. CTB activates tyrosine kinases of macrophages eliciting
TNF-a release [26] but inactive protein tyrosine kinases are
required for G. mellonella hemocyte adhesive activities [82]. The
results likely reﬂect differences in cell types since CTB differently
affects endotoxin-stimulated macrophages and monocytes [63].
Results may be attributed also to the different types of enzyme
inhibitors used altering different isoforms of the enzymes produ-
cing different effects.
G. mellonella larval hemocyte mobility and adhesive responses
to entompopathogenic fungi are inﬂuenced by the hemocytic
cytoskeleton [24,72]. Because microaggregation generally
increases with elevated CTX and CTB concentrations it is unlikely
that either compound negatively impacts on cytoskeletal move-
ment during hemocyte–hemocyte interaction. That is not to say
that the CTB subunit effect is the same on all immunocyte types;
CTB blocks the effector adhesion response of cytotoxic T cells to
target cells limiting cytolysis by interfering with patch formation,
movement of microtubule organizing centers and Golgi apparatus
while permitting toxic cell adhesion to the target cells [70].
CTB induces hemocytic heterodimeric integrin-mediated
cross-linking of Teff cells to T regulatory cells by galectin [75].
b-Integrins on the surface of M. sexta live granular cells colocalize
with CTB-binding to GM1-ganglioside lipid rafts [50] but aggluti-
nation was not detected, the toxin concentration likely being too
low to elicit cell–cell adhesion. Integrins are required for hemo-
cyte aggregation of insects and other invertebrates. The RGDS
tetrapeptide inhibits in vitro CTX-induced microaggregation of
G. mellonella hemocytes in a concentration-dependent manner
reducing hemocyte content per microaggregate, whereas RGES
did not. Invertebrate RGD hemocyte receptors are involved in
adhesion to extracellular matrix proteins inﬂuencing numerous
types of hemocytic responses including spreading and adhesion in
mollusks [55] and insects [53], crayﬁsh hemocyte degranulation
[37], and microparticulate phagocytosis by lepidopteran [78],
dipteran [30], and bivalve [55] hemocytes. Herein, RGDS did not
dissociate or lyse previously attached individual hemocytes or
hemocyte clusters to slides. Thus, the RGDS effect on in vitro
microaggregates is not due to the dissociation of cell–cell
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heterotypic and homotypic hemocyte–hemocyte adhesion. Both a
and b integrin subunits participate in lepidopteran encapsulation
[41] and nodulation of Sephadex beads [54].
Similarities in patterns of in vitro microaggregation and in vivo
nodule formation occur with increasing CTX and CTB concentra-
tions implying microaggregation (a precursor to nodulation in
M. sexta [47]) activates cAMP-independent signaling components
during nodulation. At lower CTX and CTB concentrations there is
no discernible link between bacterial removal from the hemo-
lymph, microaggregation and cAMP. Bacteria elicit hemocyte non-
self-activity by cAMP-dependent signaling mechanisms [45,34]
which may be occurring at the low CTX and CTB concentrations.
It is possible that cAMP-dependent and -independent removal of
bacteria may simultaneously occur at high CTX and CTB concen-
trations, the summation effects determining the results.
CTA alone in vivo or in vitro has no effect on hemocyte
behavior. This was expected because CTA conjugated to CTB
crosses the plasma membrane of mammalian cell lines after
binding the B-subunit to the GM1 ganglioside on the outer leaﬂet
[17]. With mammalian immunocytes CTA alone does not affect
the release of TNF-a from macrophages [26] and will penetrate
human T cells only when conjugated to CTB or other proteins such
as dimers of Staphylococcus aureus protein A [29].
Decreased hemocyte adhesion to glass caused by elevated cAMP
increases the number of circulating hemocytes in the hemocoel of
G. mellonella [45,34], However, increases in circulating hemocytes
induced by CTX and CTB at levels that do not elevate cAMP were
unrelated to loss of adhesion. The increase in circulating hemocytes
without loss of adhesion suggests CTX and CTB induce an elevation
of adhesive hemocyte number in the hemolymph even as RGD-
sensitive hemocyte aggregations occurs leading to nodulation.
Hemocyte elevation, a reaction occurring in response to trauma,
such as infection, results in an increase in hemolymph hemocytes
coinciding with the initiation of nodulation [32,59]. The source of
these hemocytes is not known. Insect hemocytes exist in three
compartments: ﬂoating in the hemolymph, in stem cell clusters
(giving rise to different types of hemocytes [42]), attached as
individual differentiated cell types to various organs (including
hematopoietic organs) and tissues, and in and beneath the epidermis
[77,38,40,43]. Release of hemocytes from stem cell aggregates and
hematopoietic organs would require time consuming differentiation
and multiplication which would not be rapid enough for the present
results. Hemocytes may be rapidly released into the blood from
surrounding tissues by being actively mobilized or being passively
mobilized by tissue modiﬁcation leading to the release of adhering
hemocytes into the plasma. Hemocyte types associated with the
organs and tissues seem to vary between species with plasmatocytes
and/or granular cell predominating [1,40,49]. In larval G. mellonella
the granular cells increase in number more than plasmatocytes
suggesting that the former cell type may dominate in the various
stores. In larval S. exigua, the hemocyte type most predominantly
mobilized after E. coli injection is the immunosurveillant, nodulation-
initiating granular cell [38], an event similar to post-CTX-injection in
G. mellonella where the increase in granular cell attachment, more
than the plasmatocytes, could signify the initiation of microaggrega-
tion. The discrepancy between hemocyte adhesion in vitro and in vivo
at higher concentrations of CTX likely reﬂects the absence of
hemocyte stores in vitro.
Control and CTX-induced in vitro microaggregates on glass
display plasmatocyte rosetting around their edges. Similar cellu-
lar composition and activity occurs for stimulated larval hemo-
cytes in vivo and in vitro of at least three other lepidopteran
species spanning different families [23] in which plasmatocyte
directional movement indicated by the spread of the lobopodia is
from areas of high hemocyte density to areas of low hemocytedensity. Hemocyte aggregates being too massive for suspension in
the plasma are anchored to tissue substrata which were pre-
viously covered by plasmatocytes. This is initiated by alarm
signals [4,3] and a chemotactic peptide which contributes to
plasmatocyte migration and hemocyte aggregation [48]. The
plasmatocytes spread laterally to accommodate expanding
nodules [59,62].
In conclusion, we demonstrate cholera toxin modulates the
adhesive abilities of hemocytes through a cAMP-independent
mechanism, B-subunits being the main activating moiety. RGD-
dependent microaggregation, formation of nodules in vivo and
bacterial removal from the hemolymph is inﬂuenced by cholera
toxin suggesting the toxin, likely by CTB, stimulates hemocyte
mobility and the nodulation response.Acknowledgment
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